The MHC encodes highly polymorphic cell surface glycoproteins which are recognized by T cells alone or in association with foreign antigens on the surface of target cells (for reviews see 1-3). Most cytotoxic T cells recognize antigen in the context of MHC class I molecules, while most helper T cells do so in the context of MHC class II molecules. In the BALB/c mouse, three restriction elements of class I, termed K, D, and L, and two of class II, called A and E, have been identified. In addition to the K, D, and L restriction elements, which are present on virtually all somatic cells, a growing number of tissue-specific MHC class I molecules (Qa-1, Qa-2, TL) have been characterized, the function of which is unknown.
. Second, while three class I genes have been cloned from the D d, only one has been isolated from the D b region (28) . Third, different mouse strains either do or do not encode a Qa-2 class I molecule in the Qa region (29) . Fourth, over a stretch of 250 kb cloned from the Qa region of the C57BL/10 mouse, containing 10 class I genes, 2 genes have apparently been lost in BALB/c (Qa-2 +) (28) , and presumably a third one has been lost in BALB/cBy (Qa-2-) mice
(30).
To address the question of how many class I genes occur in the D e region of BALB/c, we have studied the molecular organization by chromosome walking. Contrary to previous findings (5, 6), we show that at least five class I genes are located in the D a region. Comparison of the molecular map of the D d region to similar maps of the D b and D k regions allows us to draw interesting conclusions about evolutionary mechanisms underlying the dynamic variation of the numbers of D and Qa region class I genes in different mouse strains.
Materials and Methods
Chromosome Walking. A BALB/c cosmid library, constructed using the vector pNNL (31) as previously described (32) , was screened successively (see Fig. 2 20) , and 1 and 3 together (yielding clones II3.5 and II4.12). The overlap between clone II3.20 and the previously isolated one, 2.1 (5), was confirmed by hybridization with probe 17 (see Fig. 2 ). A BALB/c phage X library, constructed using the vector EMBL3 (33), was screened with probes 9 and 11, yielding clones ~1.2 and ~5.4 (see Fig. 2 ).
An AKR cosmid library (32) was screened successively with probes 13 (yielding clones kl.3, k2.4, k12.1, k14.2, k21.4, k13.2), 3 (yielding clone k9.4), and with probe D (a K k region probe [32] ), yielding clones kl.4, k6.2, and kl 1.1 due to crosshybridization (see Fig. 3 ).
Hybridizations were done as described (34) , except that restriction fragments used as probes were isolated and labeled according to Feinberg and Vogelstein (35) .
Hybridization Probes. Hybridization probes shown in Figs. 2 and 3 were derived from the following cosmid clones: 1, 2.5 kb Sac II-Kpn I fragment from k9.4; 2, 0.5 kb Sau 3A fragment from the 4.5 kb Bam HI fragment of clone dml-38.1, described in Sun et al. (36) ; 3, 0.8 kb Hpa I fragment from kl.3; 4, probe 18.1B, described in Sun et al. (36) ; 5, 1.4 kb Sma I fragment from II7.13; 6, 0.5 kb Alu I fragment from the 3.5 kb Hpa I fragment of II2.20; 7, 6.2 kb Hpa I fragment from II2.20; 8, 0.2-0.5 kb Hpa I-Hind III fragment from the 1 kb Sma I-Sal I fragment of II6.18 (the Sal I site is located in the cosmid vector); 9, 1.8 kb Sma I fragment from 50.2; 10, 0.9 kb Sau 3A fragment from the 9 kb Xho I-Nru I fragment of BALB/c cosmid cloneJS4.4 (H. Sun, unpublished data) (the Nru I site is located in the cosmid vector) extending from map position 185 to 226 kb (see Fig. 2 ); 11, Dpn I fragment from the 5.2 kb Nru I-Sma I fragment of 16.1 (the Nru I site is located in the cosmid vector); 12, probe 59.2B, described in Sun et al. (36) ; 13, probe 27.51, described in (5); 14, 1.2 kb Sma I fragment from 59.2; 15, 1 kb Kpn ISal I fragment from II 1.10 (the Sal I site is located in the cosmid vector); 16, 3.2 kb Sma I-Sal I fragment from II4.19 (the Sal I site is located in the cosmid vector); 17, 1.1 kb Barn HI fragment from 2.1; 18, Dpn I fragment from the right end of the kl 1.1 (see Fig.  3 ).
D k Gene Transfer and Expression. For some transfections, the 11 kb Eco RI fragment of cosmid k 12.1 was subcloned into pBR322, yielding plasmid clone pDK 17. Transfections were performed as described previously (37) . For transfection, the (C3H x C57BL/6)F~ mouse fibrosarcoma cell line IC9 that expresses only the D b molecule (37), or a B 10.CAS2 mouse fibroblast cell line was used. Briefly, for the IC9 cell line class I DNA (10-20 ~zg) and pAG60 (1-4 t~g) (38) and for the B10.CAS2 cell line class I DNA and pSV2neo (39) was coprecipitated with calcium phosphate, and added to -106 adherent cells. After 5 h at 37°C the medium was replaced by 5 ml of 15% glycerol for 2 rain to facilitate uptake of DNA by the cells. After overnight incubation with medium, the transfected IC9 cells were collected with EDTA buffer and distributed into two Costar 3524 multiwell plates in selection medium containing 700 #g/ml G418 (Gibco, Grand Island, NY). B10.CAS2 transfectants were selected with 1 mg/ml G418 and tested uncloned. IC9 transfectants were expanded, tested for expression of the D k molecule, and then subcloned. H-2 expression on IC9 transfectants was determined in a cellular RIA using ~25I-labeled protein A, as described previously (40 (16) . Further characterization showed that clusters 1 and 9, both mapping into the Qa region, contained overlapping DNA sequences (44) . To link the D and Qa regions, gene clusters 2, 6, 1 and 9, and 13 at the molecular level, we have now isolated a series of overlapping phage ~ and cosmid clones from BALB/c liver DNA libraries by using hybridization probes derived from previously isolated BALB/c clones and from the 5' flanking sequence of the D k gene (see Materials and Methods).
The previously described clones together with the newly isolated ones allow us to define a stretch of 500 kb of DNA that spans the D and Qa regions of the MHC of the BALB/c mouse (Fig. 2) . This stretch contains 13 class I genes, identified with the highly crossreactive class I cDNA clone pH-2IIa (5) (28) for the C57BL/10 Qa region class I genes. It appears that the Q3 gene has been lost from the BALB/c mouse and that the Q8 and Q9 genes have been fused into a Q8/9 hybrid gene (28) . Gene Q7 corresponds to the previously sequenced gene 27.1 (5, 45) .
The stretch of 500 kb of DNA is defined by a total of 84 overlapping cosmid clones, 28 of which are shown in 
Q7
, and QIO genes have been sequenced (19, (45) (46) (47) (48) . Restriction maps were determined by single and double (49) , and by partial digestions (36) . A + between two sites indicates the presence of more cleavage sites for the same enzyme. The hybridization probes were isolated as described in Materials and Methods. Cosmid and phage clones I13.35 to Fig. 3 and Materials and Methods) identifies a 7.5 kb Eco RI fragment in B 6 -H -2 k that is missing B 6 -T l a ~. Analysis of the recombinants B6.K1 and B6.K2 maps the polymorphism and therefore probe 18 to the Qa region (compare with E). D and E: H-2 alleles ill inbred mouse strains used (4). Verticat bars identify recombination events. C57BL/10 as in BALB/c DNA, in agreement with the restriction map homologies described above. The 4.8 kb Barn HI fragment picked up by probe 7 in BALB/c, AKR, and C57BL/10 DNA is due to a crosshybridization of this probe to a sequence, labelled "7 cross", located in the 3' flanking sequence of the L d gene ( Fig. 6 and see below) . (35) and then hybridized to dot blots containing 33 cosmid clones, which covered a total of 1,000 kb and represented all cloned class I genes (not shown). Cosmid clones giving a positive signal were then analyzed by Southern blotting with the appropriate probes. Although the results obtained were complex, certain recurrent patterns can be seen (Fig. 7) . First, the four probes, 4, 6, 7, and 8, isolated from the segment between genes D ~ and D2 d all crosshybridize to sequences located between genes L d and Q1, and the two probes, 14 and 15, isolated from the region between the L d and Q1 genes crosshybridize to the Da-D2 d segment. The Dd-D2d/Ld-Q1 homologies, as seen by crosshybridization, are in perfect agreement with the restriction map Fig. 2 ). The ~7 cross" indicates a sequence in the 3' flank of L d that crosshybridizes strongly to probe 7 (see also Fig. 7 ). 10 #g of DNA per lane was cut with Bam HI and analyzed as described in Fig. 4 . After hybridization, filters were washed twice for 90 min each at 68°C in 0.1x SSC, 0.1% SDS.
homologies mentioned above. Second, the two probes, 9 and 10, isolated from Of the eight class I genes located in the Qa region of the BALB/c mouse, four, Q6, Q7, Q8/9, and QlO, have been carefully analyzed (54, 55) for their expression in L cells after gene transfer. None of them could be shown to encode a cell surface class I molecule (54, 55) , in contrast to a previous study (16) . The lack of cell surface expression of these four genes appears to be due to structural defects or regulator sequences in their 3' regions (54, 55) . Only the Q8/9 gene, however, appears to be a truly nonfunctional gene, while the Q6, Q7, and QIO genes might encode secreted class I molecules or contain tissue-specific control elements preventing their stable cell surface expression in L cells (54, 55) . Indeed, the QIO gene of C57BL/10 mice has been shown (17) (18) (19) to encode a liverspecific, secreted class I molecule. Moreover, all of the Q6, Q7, Q8, and Q9 genes of the C57BL/10 mouse appear to encode Qa-2 serological determinants (30) . 
Evolution of D Region Class I Genes Occurs by Gene Expansion and Contraction.
In addition to the accumulation of point mutations, at least three recombinational mechanisms contribute to the generation and maintenance of polymorphic DNA sequences in class I genes during evolution. First, gene conversion appears to be the primary genetic mechanism generating variability in the K b gene and, presumably, other class I genes as well (56) (57) (58) (59) . Second, homologous and equal crossing-over events, occurring with a high frequency at certain sites termed recombinatorial hot spots, lead to relatively rapid shuffling of chromosomal segments of the MHC (8, 60) . Recombination at hot spots therefore contributes to the generation of new MHC haplotypes and might be important for the maintenance of useful MHC alleles during evolution. Third, homologous and unequal crossover events apparently generate the class I gene duplications and deletions as seen in the Qa region (28, 30) .
The homologies detected by crosshybridization of probes between the flanking sequences of genes D2 d, D3 d, D4 d and the flanking sequences of the Qa region genes also suggest strongly that the organization of the D region class I genes in the BALB/c mouse is the result of unequal crossing-over. The unequal recombination event presumably occurred between two different unknown haplotypes in the 5' flanking sequences of a D and a Qa region class I gene (perhaps Q4), generating an expanded chromosome with five class I genes in the D region, three of which were derived from the Qa region (Fig. 8) . Clearly the restriction map and sequence homologies, as detected by crosshybridization between the flanking sequences of the D d and L d genes, are in agreement with this evolutionary pathway.
If the proposed evolutionary origin of the BALB/c D region genes is correct, then the presence of a single class I gene in mouse strains AKR and C57BL/10 reflects the older D region gene organization. However, it is of course also conceivable that some of the present-day strains, containing a single D region class I gene, originated from strains with multiple D region class I genes, through gene contraction. Apparently the dml and dm2 mutant strains were generated this way. The close homology that has been noted (61) between D b and L d class I genes might thus be due either to gene expansion, involving an H-2b-like haplotype in the generation of the BALB/c D region (Fig. 8) 
